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The divalent calcium cation Ca2* is used as a major signaling molecule during cell signal
transduction to regulate energy output, cellular metabolism, and phenotype. The basis to the
signaling role of Ca?* is an intricate network of cellular channels and transporters that allow a
low resting concentration of CaZ* in the cytosol of the cell ({Ca2*};) but that are also coupled to
major dynamic and rapidly exchanging stores. This enables extracellular signals from hormones
and growth factors to be transduced as [Ca2*]; spikes that are amplitude and frequency
encoded. There is considerable evidence that a number of toxic environmental chemicals target
these Ca?* signaling processes, alter them, and induce cell death by apoptosis. Two major
pathways for apoptosis will be considered. The first one involves Ca?*-mediated expression of
ligands that bind to and activate death receptors such as CD95 (Fas, APO-1). In the second
pathway, CaZ* has a direct toxic effect and its primary targets include the mitochondria and the
endoplasmic reticulum (ER). Mitochondria may respond to an apoptotic Ca2* signal by the
selective release of cytochrome ¢ or through enhanced production of reactive oxygen species
and opening of an inner mitochondrial membrane pore. Toxic agents such as the environmental
pollutant tributyltin or the natural plant product thapsigargin, which deplete the ER Ca?* stores,
will induce as a direct result of this effect the opening of plasma membrane Ca2*+ channels and
an ER stress response. In contrast, under some conditions, Ca2* signals may be cytoprotective
and antagonize the apoptotic machinery. — Environ Health Perspect 107(Suppl 1):25-35 (1999).
http://ehpnet1.niehs.nih.gov/docs/1999/Suppl-1/25-35kass/abstract.html
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The divalent calcium cation Ca?* has a
unique position among cellular ions in
higher organisms. In its insoluble form, it is
the major structural constituent of bones
and teeth, whereas in its soluble form Ca**
plays important roles such as membrane
stabilizer, cofactor for proteins, electric
charge carrier, and diffusible intracellular
messenger (1,2). These roles result partly
from the unusual distribution of soluble
Ca?* in the intracellular and extracellular
environments and partly from the unique
ability of Ca?* to interact with proteins.
The total Ca?* concentration in extracellu-
lar biologic fluids such as blood serum
ranges from 1.6 to 2 mM (of which
approximately 50% is bound to proteins
and other constituents). Within cells, Ca2*

is bound primarily to phospholipids, pro- -

teins, and nucleic acids or sequestered in
organelles; only 0.1% of the total cellular
Ca?* content is found free in the cytosol.

Consequently, the cytosolic free Ca2*
concentration ([Ca?*];) is kept around 0.1
pM (Figure 1); therefore, only a minute
fraction of the total cellular Ca?* is available
for performing its function as charge carrier
or diffusible messenger.

The direct consequence of the unusual
distribution of Ca?* in higher organisms is
that their cells are constantly exposed to an
extremely large electrochemical gradient
between extracellular and intracellular Ca?*
concentrations (mM versus sub-pM).
However, cells are equipped with sophisti-
cated transport and sequestration mecha-
nisms enabling them to carefully maintain
their Ca?* levels. In addition, subtle changes
in Ca?* transport kinetics allow cells to
rapidly alter [Ca?*]; in both an amplitude-
and frequency-encoded manner to induce
controlled changes in metabolism and
cellular phenotype. It is also not surprising
that a perturbation of the mechanisms
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controlling cellular Ca?* homeostasis and
Ca?* signaling processes, either through
inherited genetic abnormalities or through
exposure to drugs or environmental agents,
is the basis for many diseases and other
pathologic conditions. This review summar-
izes recent progress in understanding how
alterations in Ca?* signaling through drugs
and toxic environmental agents can affect
the survival and functioning of cells and,
hence, lead to conditions such as cancer,
diabetes, and other autoimmune diseases,
and neurodegeneration.

Regulation of Ca2* in
Mammalian Cells

To keep from being flooded by Ca?* from
the extracellular milieu, cells have acquired
during evolution sophisticated transport
mechanisms that carefully control access of
Ca?* into the interior of a cell across the
plasma membrane and redistribution of
Ca?* from the cytosol into intracellular
organelles (Figure 1) (2-5).

Ca?* rt across
the Plasma Membrane

Ca?* gains access into cells across the plasma
membrane primarily through a number of
channels, some of which are tight control by
receptors (receptor-operated Ca?* channels),
the potential across the plasma membrane
(voltage-gated Ca?* channels) and the
content of intracellular Ca?* stores (store-
operated Ca?* channels), whereas others
appear to be nonselective leak channels (3).
Ca?* can also gain access into the interior of
cells in exchange for Na* by way of the
plasma membrane sodium—calcium excha-
nger (6). To counteract the continuous
influx of Ca?* into the cell, the plasma mem-
brane contains a Ca?*-ATPase-type pump
(PMCA) that uses ATP-dependent phos-
phorylation of an aspartate residue to
translocate Ca2* from the cytosol to the
extracellular environment (7). In most
tissues this pump is activated by the Ca?*-
binding protein calmodulin, which enables it
to respond readily to increases in [Ca?*];
with an increased Ca?* translocating activity.

Ca?*-Binding Proteins

Once inside a cell, Ca2* can either interact
with so-called Ca%*-binding proteins or
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become sequestered into endoplasmic
reticulum (ER), mitochondria, or nucleus.
An increasingly large number of proteins
have been ascribed to have Ca?*-binding
functions with varying binding affinities
and capacities for Ca?* (2,4). Some of the
intracellular binding proteins such as
calmodulin act as Ca?* receptors. Through
the Ca?*—protein interaction and resulting
conformational change within the target
protein, Ca?* signals can be effectively
relayed and amplified. Other proteins
appear to act as Ca?* storing devices (e.g.,
the calsequestrin and calreticulin families).

Intracellular Ca?* Sequestration
by Organelles

The largest store of Ca?* in cells is found
in the endoplasmic and sarcoplasmic retic-
ula (4,8), with local concentrations reaching
millimolar levels (9). Such high concentra-
tions are achieved within the ER through
the action of the sarco-endoplasmic reticula
Ca?*-ATPase-type pumps referred to as
SERCAs (4). Like their PMCA counter-
parts, SERCAs exist as different isoforms
depending on tissue of origin and use ATP
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Figure 1. Schematic representation of the distribution
of Ca?* in cells. Abbreviations: ER, endoplasmic reticu-
lum; M, mitochondria; N, nucleus, SERCA, sarcoplas-
mic—endoplasmic reticulum CaZ*-ATPase. Two major
routes for Ca?* entry into cells exist, through CaZ*
channels (1) or in exchange for Na* via the sodium—cal-
cium exchanger (2). Once inside the cell, Ca?* can be
translocated back to the extracellular environment, pri-
marily by the action of the plasma membrane Ca?*-
ATPase (3) but also by the sodium—calcium exchanger
(2). In addition, Ca2* will interact with Ca?*-binding
proteins or become sequestered by the ER, M and N.
The ER contains the SERCA, which translocates CaZ*
from the cytosol into the ER lumen (4), whereas mito-
chondria take up Ca?* through their membrane poten-
tial (5). Further details are discussed in the text.
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to translocate vectorially Ca2* from the
cytosol into the ER.

It is well known that mitochondria
possess a high capacity to sequester Ca?*
(10); yet under physiologic conditions in
vivo, total mitochondrial Ca?* levels and
free [Ca?*] reflect and parallel cytosolic
[Ca?*] (8,11,12). However, under a patho-
logic situation in which cells are exposed to
high levels of Ca?*, mitochondria have been
found to start sequestering significant
amounts of Ca?* (13,14). Mitochondria
take up Ca?* electrophoretically through
a uniport transporter. Release of Ca?* is
accomplished by three different routes: -
) a reversal of the uniporter, ) an Na*-
dependent (or independent) exchanger, and
¢) through an inner mitochondrial mem-
brane pore that is involved in a phenome-
non known as inner mitochondrial
membrane permeability transition.

The transport of Ca?* across the
nuclear membrane has been the subject of
much controversy [for example (15,16)].
Ca?* must gain access to the nucleus to
alter the activity of several transcription
factors as part of the phenotypic effects of
Ca?* signaling, and reports (17,18) have
shown that a Ca?* wave initiated in one
part of the cytosol of a cell will readily
move across the nucleus. In contrast, other
laboratories, including our own, have

shown that the movement of Ca?* across
the nuclear membrane may be restricted.
Thus, despite the observation that even
proteins readily permeate the nuclear
membrane because of the presence of
nuclear pores (19), the movement of Ca?*
across the nuclear envelope has been
reported to require a SERCA-like pump
(20). However, it remains unclear whether
this active transport of Ca?* is at the level
of the pores or the envelope.

Ca?* Signaling in

Mammalian Cells

The presence in cells of intracellular Ca?*
stores, particularly within the ER, that are
in rapid equilibrium with the cytosol is
the basis of the Ca?* signaling machinery.
Mammalian cells respond to a complex
array of phosphorylation events and dif-
fusible messenger generation triggered by
numerous hormones and growth factors
with the production of controlled
increases in [Ca?*];. These increases result
from the combination of Ca?* release
from intracellular stores in response to
either the diffusible messenger inositol
1,4,5-trisphosphate (InsP3) or a Ca?* spike
(Ca?*-induced Ca?* release [CICR]) and
Ca?* influx across the plasma membrane
(Figure 2) (21). [Ca?*]; is often observed to
rapidly rise in one particular area within a

Figure 2. Ca?* signaling in mammalian cells. Ca?* signaling is initiated by the interaction of H, neurotransmitters
or GF with their specific receptors. Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; ER,
endoplasmic reticulum; G, G protein; GF, growth factor; H, hormones; InsPs, inositol 1,4,5-triphosphate; PLC, phos-
pholipase C; R, receptor; SERCA, sarcoplasmic—endoplasmic reticulum Ca2*-ATPase. These receptors may be G
protein coupled and activate PLC through the ot subunit of the G protein or through direct coupling in the case of
tyrosine kinase receptors for a number of growth factors. The action of PLC on phosphatidylinositol 4,5-bisphos-
phate leads to the formation of the diffusible messenger InsP; and the protein kinase C activator diacylglycerol
(not shown). InsP; binds to its receptor located on the ER and opens a channel resulting in the discharge of ER Ca?
into the cytosol. This in turn produces a decrease in ER Ca2* content that is recognized by a yet poorly understood
mechanism that triggers the opening of Ca2* channels located in the plasma membrane and Ca2* influx into the
cell. The inset is a schematic representation of the changes in cytosolic CaZ* concentration during Ca2* signaling.
Note that the increase in Ca?* often occurs as a repetitive event with a defined amplitude and periodicity.
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cell and then to rapidly spread as a Ca?*
wave across the entire cell. In the continu-
ous presence of receptor agonist, the Ca?*
wave is often repeated at defined intervals,
producing [Ca?*]; oscillations. This is now
viewed as a mechanism for providing the
cell with a Ca?* signal, the frequency and
amplitude encoding of which depends on
the intensity and nature of the stimulus.
The cell appears to benefit in several ways
from this type of Ca?* signaling. First, the
oscillating nature of the [Ca?*]; allows a
graded response. This is best exemplified
by the enzyme Ca?*/calmodulin kinase II,
in which the kinase recruits increasing
numbers of calmodulin molecules with
increasing [Ca2*]; oscillatory frequency
until the enzyme becomes fully active (22).
A second important facet of the oscillatory
nature of Ca?* signals is that it allows the
signals to be relayed more efficiently into
mitochondria (/2). Finally, it is important
to remember that a prolonged elevation of
[Ca?*]; will have detrimental effects on cell
survival which leads to cell death by apop-
tosis or necrosis (23,24). Therefore, the
frequency encoding of Ca?* signals allows
physiologic responses to occur without
compromising cell survival.

The molecular basis of the Ca?* oscilla-
tions has been the subject of numerous spe-
cialized reviews [for example (5,21)] and
therefore will be only briefly summarized
here. The initiator of the Ca?* wave is
InsP3, which is formed by the action of
phospholipase C (PLC) on the minor
plasma membrane phospholipid, phos-
phatidylinositol 4,5-bisphosphate; the other
product of this reaction is diacylglycerol, an
activator of protein kinase C isoenzymes
(Figure 2). Two major subfamilies of PLC
exist, namely PLCP, whose members are
activated primarily by G protein coupled
receptors, and PLCy, whose members are
controlled by protein tyrosine kinase recep-
tors and protein tyrosine kinase-associated
receptors. InsP3, once formed, will readily
diffuse away from the site of formation to
bind to Ca®*-release receptor channels, the
inositol 1,4,5-trisphosphate receptors
(InsP3Rs) (4,25). Three forms of InsP3Rs
(types 1, 2, and 3) have been characterized
by cDNA cloning. Most cells possess at
least one form of InsP3R and many express
all three subtypes. InsP3Rs are localized
primarily on the ER (or specialized subareas
of ER) as tetramers of large subunits and
resemble in their structure and molecular
organization the ryanodine receptors, the

voltage- or Ca?*-sensing Ca?*-release
channels responsible for CICR (4).

The quantal discharge of the sequestered
Ca?* from ER by the action of IP; that leads
to the formation of a Ca?* wave can be
explained by a number of complex models
[for example (21)]. Once released into the
cytosol, Ca®* may be recycled by re-uptake
into ER by the SERCASs, transient seques-
tration by mitochondria and extrusion from
the cell by the PMCAs. In fact, the latter
appears predominant in cells such as hepato-
cytes (26,27), and this explains why Ca?*
oscillations are only short lived in the
absence of extracellular Ca?* [for example
(28)]. The refilling of ER stores therefore
requires replenishing; this is achieved
through a phenomenon known as store-
operated Ca?* influx (29). Store-operated
Ca?* influx, which was first coined capacita-
tive Ca?* entry, was discovered through a
series of experiments conducted by Putney
and co-workers (30,31).

The essence of the system is that a
sensing mechanism is present in the ER (or
the portion associated with the InsP3-sensi-
tive Ca?* store) that detects the decrease in
ER Ca?* content caused by the discharge
into the cytosol through InsP;R channel
openings. This sensing mechanism then
sends a signal to plasma membrane chan-
nels that are distinct from classic receptor-
operated and voltage-gated channels and
that are highly specific for Ca?* (Figure 2)
(29,32,33). Whether the signal for Ca?*
channel opening is a diffusible messenger
(Ca?* influx factor, cGMP) or occurs
through direct coupling remains controver-
sial. An important point to note in this
context is that this signal may be long
lived, and therefore chemicals that inhibit
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SERCAs such as thapsigargin and 2,5-
di(zer~-butyl)hydroquinone (34,35) will
cause a prolonged stimulation of Ca?*
entry into cells as a result of ER Ca?*
release. This leads to a sustained elevation
of [Ca?*]; (Figure 3) and thereby to an
array of pathologic conditions.

Ca2* and Cytotoxicity

Given the complexity of the regulation of
cellular Ca?* and Ca?*-signaling processes,
it is not surprising that disruption of these
control mechanisms has been linked to the
pathogenesis of diseases and cytotoxic
events. Indeed, work from several labora-
tories including our own showed in the
1980s that a perturbation of Ca?* home-
ostasis is a common and final event
responsible for drug-induced cell death
(23,36-40). The overall picture that
emerged from this work was that the per-
turbation of Ca?* homeostasis was caused
by the inhibition of Ca?* transport mecha-
nisms including the PMCAs and SERCAs
by the cytotoxic chemicals or their
metabolites. Consequently, the injured
cells are exposed to a prolonged elevation
of [Ca2*]; that in turn activates several
catabolic processes catalyzed by Ca?*-acti-
vated proteases (calpains), phospholipases,
and endonucleases.

A confusion arose in our understanding
of chemical-induced cell death when in the
late 1980s it became clear that this type of
cell death could occur not only by necrosis
but also by another form of cell death
known as apoptosis. Apoptosis is a form of
programmed cell death occuring during
organogenesis and organ remodeling and

Ca%t

Figure 3. Changes in cellular Ca?* induced by SERCA inhibitors. Abbreviations: ER, endoplasmic reticulum; G, G
protein; PLC, phospholipase C; R, receptor; SERCA, sarcoplasmic—endoplasmic reticulum Ca?*-ATPase. The inhibi-
tion of SERCA by agents such as 2,5-di{tert-butyl}hydroquinone or thapsigargin results in the depletion of the ER
Ca?* store. As discussed in the text, this is recognized by the cell and results in the opening of specific plasma
membrane CaZ* channels. Unlike signaling through InsP; (Figure 2), SERCA inhibition often leads to a prolonged
Ca? influx response producing a sustained increase in the cytosolic Ca%* concentration (inset) and, in many cell

types, death by apoptosis.
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in adult life to modulate the immune
system or to kill transformed and virally
infected cells (41-43). Cells undergoing
apoptosis show well-defined morphologic
and biochemical changes including cellular
and nuclear shrinkage, condensation, mar-
gination and fragmentation of chromatin,
changes in plasma membrane architecture,
and intracellular proteolysis (42,44,45).
Enormous progress in our understanding
of the molecular events involved in apopto-
sis has been achieved recently, and it is not
surprising that Ca?* has been found to play
a pivotal role in this form of cell death.
Although necrosis and apoptosis
initially were described as two fundamen-
tally different forms by which a cell can die,
an intense and often confusing debate cur-
rently prevails about whether this position
is still tenable or whether we are dealing
with a continuum of overlapping mecha-
nisms of cell death (46—48). For instance,
toxic chemicals that generate oxidative
stress or induce a pathologic increase in cel-
lular calcium levels can kill their targer cells
by either necrosis or apoptosis, depending
on the degree of exposure (40,46,48,49).
Several important features such as plasma
membrane blebbing and mitochondrial
damage are common to both apoptosis and
necrosis. Also, several reports have shown
that the product of the antiapoptotic gene
bcl-2 protects cells not only from apoptosis
but also from necrosis (50-53). Therefore,
the boundaries between apoptosis and
necrosis may not be as distinct as often
assumed. To add further to the confusion,
it is also clear that when apoptosis occurs at
an excessive level, the dying cells can no
longer be removed in an ordetly fashion by
phagocytosis, which leads to cell degenera-
tion and inflammation. Consequently, the
investigating histopathologist is faced with
a picture of (secondary) necrosis even
though the underlying primary mechanism
of cell death was apoptosis (47,54). The
factors that determine whether a cell dies by
apoptosis rather than by necrosis remain
unclear, although, as discussed below,
recent evidence implicates mitochondria.

Ca?* Is an Inducer

of Apoptosis

The first major biochemical event in
apoptosis to be reported was that glucocorti-
coid-triggered apoptosis of thymocytes
involved degradation of the nuclear DNA to
nucleosomal- and oligonucleosomal-sized
fragments by a specific endonuclease (55).

When resolved by agarose gel electro-
phoresis, the nuclear DNA had a ladderlike
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appearance. Shortly afterward, Cohen and
Duke (56) showed that calcium ions
induced in isolated thymocyte nuclei the
same pattern of DNA fragmentation
through the activation of a Ca%*- and Mg?*-
dependent endonuclease. This provided us
with the first mechanistic clue to the bio-
chemical events taking place during apopto-
sis. The subsequent dissection of the
mechanism of glucocorticoid-induced apop-
tosis revealed that extracellular Ca?* was
necessary for cell death to occur (57). More
direct evidence for a causal relationship
between Ca?* and apoptosis was presented
when it was found that the Ca?* ionophore
A23187 could induce apoptosis in thymo-
cytes (58,59). These observations led to the
proposal of a model in which the Ca?*- and
Mg?*-dependent endonuclease is a universal
effector of apoptotic cell death through an
increase in [Ca?*];.

The model, although very attractive,
was soon challenged when it became clear
that DNA degradation to oligonucleo-
somes is often a relatively late event (60)
in apoptosis or may even be completely
absent in some cases (61). In addition, the
cloning of the C. elegans gene ced-3 led to
identification of a novel family of cysteine
proteases (caspases) that cleave their
protein substrates at specific aspartate
residues. Caspases are now accepted to be
the general intracellular orchestrators of
apoptosis and are responsible for most if
not all biochemical and morphologic fea-
tures of apoptosis (62—66). This led to re-
investigation of how Ca?* signals can
induce apoptosis and, not surprisingly,
recent evidence shows that caspases are the
effectors of Ca?*-induced apoptosis in the
same way as in other forms of apoptosis
(67-70).

Overall, two main mechanisms by
which Ca?* can induce apoptosis must be
distinguished. In lymphocytes (and possibly
other cell types), the induction of apoptosis
upon B- or T-cell antigen receptor complex
stimulation requires Ca?*; in some cases it
can be caused by Ca?* ionophores or thap-
sigargin. In this case, the Ca?* signal acti-
vates the cells in a manner similar to that
triggered by T- or B-cell antigen receptor
complex activation. The ensuing apoptotic
response is the natural consequence of the
cell activation process rather than being due
to a direct apoptotic effect of Ca?* alone.
Consequently, the apoptotic effect of Ca?*
should be regarded as indirect. In most
cases, however, Ca?* will trigger apoptosis
in a manner that is directly related to a
change in cellular Ca?* levels.

Ca?*-Induced Apoptosis:
Direct Mechanisms

To investigate the role of Ca?* signaling in
apoptosis, we used the SERCA inhibitors
tBHQ and thapsigargin (7I). By inhibit-
ing the pump responsible for translocating
Ca?* from the cytosol into the ER, these
compounds induce rapid release of the ER
Ca?* stores in the absence of InsP3 forma-
tion (34,35) and as a direct consequence of
ER Ca?* pool depletion, also the store-
dependent Ca?* influx response (Figure 3)
(29,33,72). We found that thymocytes
exposed to thapsigargin or tBHQ rapidly
became apoptotic (77). The apoptotic
response was abrogated in the absence of
extracellular Ca?*. Incubating thymocytes
in nominally CaZ*-free medium (i.e., in the
absence of added Ca?* but without the
need for Ca?* chelators such as EGTA)
completely abrogated thapsigargin-induced
apoptosis. This demonstrates that in thy-
mocytes the apoptotic effect of SERCA
inhibitors depends strictly on Ca?* influx
rather than the result of total cellular Ca?*
chelation or ER Ca?* store depletion.
Using excess Ca?* chelators is an approach
often adopted It is, however, limited by
nonspecific effects resulting from total cell
Ca?* chelation (73).

SERCA inhibition is a mechanism
used by a number of toxic chemicals. We
found that the immunotoxic environmen-
tal contaminant tributyltin (TBT) induces
thymocyte apoptosis through this very
mechanism (74). TBT is a member of the
highly toxic organotin family and has been
extensively used in marine paints to
prevent barnacles from attaching to
marine vessels. Its use has raised much
concern because of its highly cytotoxic
properties, especially toward fish and
mammals, which induce thymocyte and
lymphocyte apoptrosis (75,76). TBT
induces apoptosis by inhibiting SERCA,
which triggers release of ER Ca?* and acti-
vation of the store-dependent Ca2* influx.
As a result of the prolonged inhibition of
SERCA, the activation of the influx path-
way leads to a massive accumulation of
Ca?*, which is worsened by the additional
inhibition of the PMCA, and subsequent
death of thymocytes by apoptosis (Figure
4) (74). A similar mechanism has been
reported for organotin-induced apoptosis
of PC12 cells (77). Consequently, inap-
propriate use of the cell’s Ca?* signaling
machinery is an important mechanism by
which environmental toxins like TBT
induce apoptosis.
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Figure 4. Schematic representation of the events that
lead to apoptosis in thymocytes exposed to the environ-
mental contaminant tributyltin. ER, endoplasmic reticu-
lum; PMCA, plasma membrane CaZ*-ATPase; SERCA,
sarcoplasmic—endoplasmic reticulum Ca2*-ATPase;
TBT, tributylin. Details are discussed in the text.

Similarily, Ca?* signaling processes may
be targeted by toxic metals to cause a range
of perturbations (78-82). For instance,
inorganic mercury opens L-type Ca?* chan-
nels and produces a sustained elevation of
[Ca?*]; and death of PC12 cells (82).

Our knowledge about the mechanism
by which an increase in [Ca?*]; leads to
apoptosis is still fragmentary. A likely tar-
get for Ca?* is the mitochondrion. As pre-
viously mentioned, mitochondria readily
accumulate Ca?* from cytosol to transduce
the Ca?* signal to a number of Ca?*-
activated dehydrogenases that participate
in energy production. Mitochondria have
also been postulated to play a role in
buffering cytosolic Ca2* (10). Indeed,
exposing hepatocytes to SERCA inhibitors
results in the rapid accumulation of Ca?*
by mitochondria (/4), and recent evidence
indicates that the spatial proximity
between mitochondria and ER Ca?* stores
plays a critical role in this response (83).

Mitochondria and Apoptosis

Mitochondria are particularly vulnerable
and a number of apoptotic stimuli includ-
ing prooxidants and Ca?* can induce a
stress response known as inner membrane
permeability transition. Mitochondrial per-
meability transition involves the opening of
a pore that is made of a large proteinaceous
complex comprising, among others, the
voltage-dependent anion channel (VDAC),
also known as porin, adenine nucleotide
translocator, mitochondrial cyclophilin D,
the peripheral benzodiazepine receptor,
hexokinase, creatine kinase, and possibly
also Bax (84-86). The pore complex has

been localized to the contact sites between
the inner and outer mitochondrial
membranes. However, the molecular details
of the association of the different compo-
nents of the pore are still unclear although
the conditions that trigger pore opening
have been well defined. The pore behaves as
a voltage-operated channel that becomes
activated by high-matrix Ca?*, oxidarive
stress, pyridine nucleotide oxidation, thiol
oxidation, alkalinization, and low trans-
membrane potential. Initially, rapid and
stochastic opening and closing of the pore
is observed (87,88). This, however, rapidly
develops into persistent pore opening,
allowing not only Ca?* but also low molec-
ular weight matrix components (M; < 1500)
to escape rapidly from mitochondria (89).
At this stage the opening of the pore is still
reversible by agents such as cyclosporin A
(89). How the transition occurs from
an initially VDAC to a megachannel is
presently unclear.

Mitochondria and pore opening play
pivotal roles in cytotoxicity. We have pre-
viously reported that pore opening is an
important event in prooxidant injury in
hepatocytes (13). Pore opening occurred as
a result of enhanced Ca** sequestration by
and oxidative damage to the mitochondria.
Inhibiting pore opening with cyclosporin
A prevents or delays the onset of cell
death, depending on the type of prooxi-
dant used. In this experimental system of
prooxidant injury, cell death occurred very
rapidly with substantial cell swelling, sug-
gesting that the cells died by necrosis
rather than apoptosis.

There is no doubt that mitochondria
play an important role in apoptosis. Yet,
morphologically, they remain essentially
intact during the initial stages of apoptosis
(42,43,60). Similarily, mitochondria have
been reported to function normally during
the early stages of the process (90) even
though a decrease in mitochondrial trans-
membrane potential has been observed in
some cases (91). These observations suggest-
ing that mitochondria are spared during
apoptosis are difficult to reconcile with a
recently proposed model that the permeabil-
ity transition is a general mechanism of
apoptosis (91). Because of its nature, mito-
chondrial permeability transition occurs
with severe swelling and complete loss of
cellular energy (13,92,93). In fact, recent
work by Leist and co-workers (94) and
Tsujimoto (95) has demonstrated that the
apoptotic program necessitates cellular ATP,
and these authors have suggested that ATP
acts as a major decision switch between
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apoptosis and necrosis. Furthermore, our
own results have shown that ATP is neces-
sary for nuclear chromatin condensation to
occur during apoptosis (96).

How apoptotic Ca?* signals interact
with mitochondria is unclear. Release of ER
Ca?* and stimulation of store-dependent
Ca?* entry lead to the rapid accumulation of
the cation by mitochondria (14). If exces-
sive, the result is permeability transition, as
shown in isolated mitochondria (89) and
intact cells (97). Permeability transition
could occur through direct interaction with
the metal-binding site of the pore (89),
inhibition of respiration by NO (nitric
oxide) through Ca?* activation of the mito-
chondrial NO synthase (98), oxidative stress
imposed by the loss of glutathione during
apoptosis (99,100), superoxide anion pro-
duction triggered as a result of cytochrome ¢
loss (101), or a combination of several of
the above events. However, Waring and
Beaver (97) have also shown that very low
concentrations of thapsigargin can induce
apoptosis in the absence of detectable
changes in mitochondrial morphology or
transmembrane potential.

An alternative explanation for the
contribution of mitochondria to apoptosis
is that apoptotic stimuli induce mito-
chondria to release cytochrome ¢ into the
cytosol to activate caspases. This model
currently is receiving rapidly increasing
experimental support. The first indication
of this pathway emerged when it was
found that Jurkat T-lymphocytes showed
a decrease in mitochondrial respiration
during CD95-induced apoptosis. The
defect in respiration was attributed to a
loss of cytochrome ¢ from mitochondria
as respiration was reinstated by the supply
of exogenous cytochrome ¢ (102). Other
investigators observed that cytochrome ¢
is released from mitochondria in response
to certain apoptotic stimuli (103-105).
The released cytochrome ¢ induces forma-
tion of a caspase-activating complex in the
presence of dATP (106,107) that com-
prises procaspase-9 bound to Apaf-1 (the
mammalian homolog of Caenorhabditis
elegans CED-4) through a homophilic
interaction involving caspase recruitment
domain motifs. The proteolytic activation
of the proform of caspase-9 to its active
form occurs through an intrinsic mecha-
nism and is followed by the downstream
proteolytic activation of pro-caspase-3
and pro-caspase-7 (108). Recently we
have found that microinjection of
cytochrome ¢ into cells is sufficient to
induce apoptosis (109).
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Several mechanisms have been proposed
to account for the loss of cytochrome ¢ from
mitochondria in apoptosis. [n vitro studies
have shown that cytochrome ¢ release can
be induced by agents that cause permeabil-
ity transition, possibly as a result of disrup-
tion of the outer membrane by the swelling
associated with permeability transition
(110,111). However, other reports clearly
demonstrate that cytochrome ¢ is mobilized
from mitochondria prior to or in the com-
plete absence of permeability transition
(105,112) in a mechanism that may
involve Bax, a member of the proapoptotic
Bcl-2 family (113,114). Bcl-2 prevents
cytochrome c release (105), possibly through
its interaction with Bax. More recently a cas-
pase-8-mediated cleavage product of the
BH3-domain-containing Bid has been
reported to efficiently release cytochrome ¢
from mitochondria, also in the absence of
permeability transition (115,116).

Whether the induction of apoptosis by
Ca?* signals requires release of cytochrome
¢ is not yet known. The data by Waring
and Beaver (97) suggest that at least per-
meability transition may not be necessary
for Ca?*-induced apoprosis. The reported
antiapoptotic effects of Bcl-2 on Ca?*-
induced apoptosis are difficult to interpret
because Bcl-2 prevents both cytochrome ¢
release (105) and permeability transitions
in response to Ca?* accumulation (91,
117), as well as other effects on Ca?* sig-
naling (718-120). Interestingly, Bax
recently has been detected in enriched frac-
tions of the pore complex (121). Thus, the
dual effect that Bcl-2 has on mitochon-
dria—preventing cytochrome c release as
well as permeability transition—suggests
the existence of some form of functional or
spatial relationship between cytochrome ¢
release and permeability transition.

Ca?*-Activated Proteases
and Apoptosis

Many recent studies of apoptosis have
focused on caspases. However, there is con-
siderable evidence that additional proteases,
including serine proteases [for example
(60,122-124)] as well as members of the
calpain family of Ca?*-activated proteases
(125,126), participate in apoptosis. Results
of inhibitory studies indicate that the contri-
bution of calpains to apoptosis appears to be
limited to certain cell types such as thymo-
cytes (126), monocytic U937 cells (125),
cardiac myocytes (127), and neuronal cells
(128-130).

The cellular targets for calpains in
apoptosis are not well known. We know
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that fodrin is cleaved by calpains during
tumor necrosis factor-induced apoptosis in
U937 cells (125) and a Ca?*-activated pro-
teolytic system that cleaves lamins exists in
thymocyte nuclei (131).

Recently, calcium has been found to
increase caspase-3 activity in a cell-free sys-
tem when added to nonapoptotic cell
cytosol and to elicit nuclear morphologic
changes and DNA fragmentation (132).
However, the Ca?*-induced processing and
activation of pro-caspase-3 to caspase-3 did
not involve calpains but an N-tosyl-L-
phenyl chloromethyl ketone-sensitive ser-
ine protease. These findings may help not
only to uncover the up-to-now elusive
mechanism of caspase activation in Ca?*-
induced apoptosis but also to position
more precisely the role of serine proteases
in apoptosis.

Ca?* Pool Emptying
versus [Ca?*]; Increase

Several studies have reported that the
removal of extracellular Ca?* did not pre-
vent apoptosis induced by thapsigargin.
Instead, a much closer correlation between
ER Ca?* pool emptying and apoptosis was
observed (133—137). Evidence for a causal
relationship between Ca?* store emptying
and apoptosis is based on several observa-
tions, particularly the ability of Bcl-2 to
antagonize ER Ca?* pool emptying (120,
133,138), the antiapoptotic effect of the
ER Ca’*-storing protein calreticulin
(139,140), and the ability of high extracel-
lular Ca?* to restore Ca®* pools thereby
preventing apoptosis (137).

Depletion of ER Ca?* stores triggers a
stress condition reflected in a shutdown of
both protein (141,142) and phos-
phatidylserine syntheses (743, 144) and the
transcriptional upregulation of several ER
stress proteins that are also chaperones,
including HSP70 (/45), BiP (immuno
globulin heavy chain binding protein)/
GRP78 (glucose-regulated protein 78),
GRP94, and ERp29 (1/45-149). The
induction of the ER stress proteins fol-
lowing ER Ca?* store emptying requires
among others the transcription factors
CBF/NF-Y, EGR-1, and YY1, which are
activated under these conditions and inter-
act with regulatory elements such as
CCAAT (147,150-152). The significance
of the stress response in the context of
apoptosis is presently unclear, although
recent evidence suggests that some of the
ER stress proteins have a cytoprotective
function rather than being proapoptotic
(153-156). Interestingly, BiP/GRP78 is

also a major Ca®* storage protein, with
approximately 25% of the ER Ca?* store
being bound to this protein (157).
Together, the evidence indicates that ER
Ca?* pool emptying by SERCA inhibitors
and Ca?* chelators induces ER stress and
apoptosis in numerous cell systems.
However, we still know very little about
how this stress response leads to apoptosis.

Ca?*-Induced Apoptosis:
Indirect Mechanisms

A major feature of the immune system is
its plasticity, which enables it to respond
rapidly to invading organisms and foreign,
infected, or transformed cells. Clonal
expansion of T lymphocytes that recognize
specific antigens occurs through stimula-
tion of the T-cell antigen receptor complex
with signaling through p217* and Rac and
through phospholipase Y1. The latter
enzyme mediates the release of InsPj, Ca’*
mobilization, and downstream events
involving calcineurin and nuclear factor of
activated T cells (NF-AT). Once the infec-
tion has been overcome and the foreign or
transformed cells eliminated, clonal expan-
sion must be reversed and the T-lympho-
cyte elimination process occurs by
apoptosis. Recent work has shown that the
apoptotic response is effected by Ca?* and
calcineurin-mediated upregulation of
CDY95 (Fas, APO-1) ligand and TRAIL
(APO-2 ligand), which in turn activate
their death receptors and induce apoptosis
(158-160). Consequently, Ca?*-mediated
apoptosis of lymphocytes does not appear
to involve a direct apoprotic effect of Ca®*
but instead is indirectly mediated through
upregulation of cytokines that activate
plasma membrane death receptors.

Is CaZ* Involved in All
Forms of Apoptosis?

Many stimuli induce apoptosis in the
absence of any detectable changes in Ca?*
fluxes or [Ca?*];, and therefore no direct
role of Ca?* signaling is apparent. However,
over the past few years, a number of reports
have appeared in which components of the
Ca?* homeostatic and signaling machinery
have been identified as important regulators
of apoptosis. For example, ectopic expres-
sion of the Ca?*-binding protein calbindin-
D28K provides protection against a
number of apoptotic stimuli (161,162).
Similarily, the expression of InsP3R3 in
thymocytes, B and T cells is increased
manyfold during apoptosis (163). Pre-
vention of this expression by transfecting
S49 cells with an InsP3R3 antisense
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plasmid antagonized glucocorticoid-
induced apoptosis. More recently, T cells
deficient in InsP3R1 were found to be resis-
tant to a wide variety of apoptotic stimuli
including glucocorticoids, T-cell antigen
receptor complex stimulation, ionizing
radiation, and CD95 (164); CD95-
induced myocyte toxicity has been shown
to require InsP3R (165). Also, Ca?*/
calmodulin-dependent kinase II is stimu-
lated by tumor necrosis factor and ultravio-
let light, and inhibition of the kinase
activity was found to prevent apoptosis
(166). Similarily, the recently discovered
Ca?*/calmodulin-dependent kinase DAP-
kinase induces apoptosis when overex-
pressed and, conversely, cells transfected
with a catalytically inactive form of this
enzyme are resistant to interferon-y induced
apoptosis (167). These observations indi-
cate a more general participation of the
Ca?* signaling machinery in apoptosis than
was previously thought. However, the mol-
ecular aspects of this participation are yet to
be identified.

Ca?* as an Antiapoptotic
Signal

Most research on Ca?* has focused on its
apoptotic propemcs Yet, in several models
of apoptosis, Ca?* has the opposite effect
and can prevent apoptosis. Most striking is
the case of neurons that undergo apoptosis
upon withdrawal of nerve growth factor.
Depolarization of the cells with K* to open
voltage-operated Ca?* channels provides
the neurons with a survival signal (168).
These observations led to the postulation
of the Ca?* set point hypothesis in which a
minimum [Ca?*]; is required to maintain
neuron viability (11,169). When [Ca®*];
moves below or above this set point, apop-
tosis is rapidly induced. The protective
effect of depolarization-induced Ca?* chan-
nel opening on neuronal cells is mimicked

by thapsigargin (170).

PS exposure

Mitochondria I Proteases

Calcineurin «——— CaZ* ——— Phospholipases
NO synthase l Protein synthesis
Endonucleases

Figure 5. Some of the intracellular targets in
Ca2+*-induced cytotoxicity. Abbreviation: PS, phos-
phatidylserine.

Ca?* also protects against apoptotic
signals in other cell types including hema-
topoietic cells, macrophages, myeloid
leukemia cells, and neutrophils (171-176).

The mechanism responsible for the pro-

- tective action of Ca?* is unclear. In neurons,

protection requires Ca?* influx and ap

to be mediated by calmodulin (177). The
antiapoptotic effect of Ca?* coincides with
the prevention of caspase activation (178).
Also, Lotem and Sachs (175) found that
extracellular Ca%* was required in M1
myeloid leukemia cells and that Ca2*
prevented the activation of caspases. The
protective effect of Ca?* was in this case
abolished by cyclosporin A, suggesting a role
for calcineurin in the mechanism of Ca?*
action. These findings suggest, therefore,
that transcriptional activation and de novo
synthesis of antiapoptotic signals are impor-
tant. An additional possible explanation is
that Ca?* influx keeps the ER Ca?* pool
filled, which prevents the complete ER Ca?*
pool depletion by the apoptotic stimulus
and the ER stress response.

Conclusions and Perspectives

There is little doubt that Ca?* signals par-
ticipate in apoptosis. Given the complexity

Ca?* AND CELL DEATH

of Ca®* signaling, it is hardly surprising that
identifying the exact mechanism of Ca?*-
induced apoptosis has proved to be a major
challenge. Not only are we faced with a
lar%c number of potential cellular targets for
action (Figure 5) but also numerous
stlmull inducing Ca?* signals activate other
cell signaling pathways. The many possibili-
ties of cross-talk between the different sig-
nals add to the complexity of the situation.
This problem is particularly difficult when
dealing with cytotoxic environmental chem-
icals such as prooxidants that can induce
apoptosis by affecting signaling pathways at
multiple levels (179). To add further to the
complexity, Ca?* can, under some circum-
stances, show antiapoptotic properties.
Interestingly, this dual feature is shared by
several inducers of apoptosis, notably tumor
necrosis factor. A possible consequence of
the complexity of the interactions with the
Ca?* signaling machinery is that there may
be no reliable universal parameter that could
be used to detect and assess the health risk
associated with exposure to cytotoxic
environmental chemicals.
Two likely targets for the apoptotic
effects of Ca?* signals have been identified
over the past few years (Figure 6). One is

Indirect o Direct
pathway Apoptotic signal pathway
Plasma membrane  ER CaZ* pool
Ca?* channels deplenon
Caz“lnﬂux
Increase in
Calcineurin [Ca i Mltochondna ER stress
| ”
NF-AT v Cytochrome Cor > Permeabnllty
Calpain release transition
l serine protease -7
CDS5 ligand ‘ r.-
expression T -
| _
| v
s _, Caspase “”
CD95 activation activation
Apoptosis

Figure 6. Proposed mechanisms of apoptosis induced by Ca?* signals. Abbreviations: ER, endoplasmic reticulum;

NF-AT, nuclear factor of activated T cells. Two pathways are recognized, one that is indirect and requires the activa-

tion of death receptors such as CD35 (Fas, APO-1) and a second pathway where Ca?* is the direct effector of apopto-
sis. In the latter case, the two major targets are the mitochondria and the ER. Further details are given in the text.
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mitochondria. There is rapidly increasing
evidence that these play a major role in
some forms of apoptosis. Apoptosis may be
triggered through cytochrome ¢ release and
possibly through (limited?) permeability
transition. The questions of which mecha-
nism is used by Ca?* and how this is linked
to caspase activation must be addressed.
The other target is the ER, where the emp-
tying of its Ca?* content induces a form of
cell stress that ultimately leads to apoptosis.
Again, further work is required to interpret
the signals that interconnect ER stress, cas-
pase activation, and apoptosis. The etiol-
ogy of many diseases such as cancer,
neurodegeneration, diabetes, and autoim-
mune diseases has been linked to an
improper regulation of apoptosis, with
considerable evidence for the involvement
of cytotoxic environmental chemicals in
some of these diseases. There is much hope
that a better understanding of the molecu-
lar events in apoptosis will improve
chances to develop better preventive and
therapeutic strategies to control apoptosis
and hence the development of disease.

ACKNOWLEDGMENTS: We apologize to
colleagues whose important work we have not
been able to cite because of space limitations. The
contributions of past and present members of our
laboratories to the fields of apoptosis and Ca?*
signaling are gratefully acknowledged. Work
from the Karolinska Institute and the Surrey lab-
oratories was supported by the Swedish Medical
Research Council (project no. 03X-2471) and
Medical Research Council, respectively.

REFERENCES AND NOTES

1. Campbell AK. Intracellular Calcium: Its
Universal Role as Regulator. New York John
Wiley & Sons, 1983.

2. Carafoli E. Intracellular calcium homeostasis.
Annu Rev Biochem 56:395-433 (1987).

3. Tsien RW, Tsien RY. Calcium channels, stores
and oscillations. Annu Rev Cell Biol 6:715-760
(1990).

4. Pozzan T, Rizzuto R, Volpe P, Meldolesi J.
Molecular and cellular physiology of intracellu-
lar calcium stores. Physiol Rev 74:595-636
(1994).

5. Clapham DE. Calcium signaling. Cell 80:259-268
(1995).

6. Kraev A, Chumakov I, Carafoli E. Molecular bio-
logical studies of the cardiac sodium-calcium
exchanger. Ann NY Acad Sci 779:103-109 (1996).

7. Carafoli E, Garcia-Martin E, Guerini D. The
plasma membrane calcium pump: recent
developments and future perspectives.
Experientia 52:1091-1100 (1996).

8. Somlyo AP, Bond M, Somlyo AV. Calcium
content of mitochondria and endoplasmic

32

12.

13.

14.

20.

21.

22.

23.

24.
25.

26.

2.

reticulum in liver frozen rapidly in vivo. Nature
322:633-635(1985).

Montero M, Brini M, Marsault R, Alvarez J, Sitia
R, Pozzan T, Rizzuto R. Monitoring dynamic
changes in free CaZ* concentrations in the endo-
plasmic reticulum of intact cells. EMBO J
14:5467-5475 (1995).

Richter C, Kass GEN. Oxidative stress in mito-
chondria—its relationship to cellular Ca?*
homeostasis, cell-death, proliferation, and dif-
ferentiation. Chem-Biol Interact 77:1-23 (1991).
Rizzuto R, Bastianutto C, Brini M, Murgia M,
Pozzan T. Mitochondrial CaZ* homeostasis in
intact cells. J Cell Biol 126:1183-1194 (1994).
Rutter GA, Burnett P, Rizzuto R, Brini M, Murgia
M, Pozzan T, Tavare JM, Denton RM. Sub-
cellular imaging of intramitochondrial CaZ* with
recombinant targeted aequorin-significance for
the regulation of pyruvate dehydrogenase activ-
ity. Proc Natl Acad Sci USA 93:5489-5494
(1996).

Kass GEN, Juedes MJ, Orrenius S. Cyclosporin
A protects hepatocytes against prooxidant-
induced cell killing. A study on the role of mito-
chondrial CaZ* cycling in cytotoxicity. Biochem
Pharmacol 44:1995-2003 (1992).

Juedes MJ, Kass GEN, Orrenius S. m-
lodobenzylguanidine increases the mitochondr-
ial Ca%* pool in isolated hepatocytes. FEBS Lett
313:39-42 (1992).

Nicotera P, Zhivotovsky B, Orrenius S. Nuclear
calcium transport and the role of calcium in
apoptosis. Cell Calcium 16:279-288 (1994).
Santella L, Carafoli E. Calcium signaling in the
cell nucleus. FASEB J 11:1091-1109 (1997).

Lin C, Hajnoczky G, Thomas AP. Propagation of
cytosolic calcium waves into the nuclei of hepa-
tocytes. Cell Calcium 16:247-258 (1994).

Brini M, Marsault R, Bastianutto C, Pozzan T,
Rizzuto R. Nuclear targeting of aequorin—a
new approach for measuring nuclear Ca?* con-
centration in intact cells. Cell Calcium
16:259-268 (1994).

Silver PA. How proteins enter the nucleus. Cell
64:489-497 (1991).

Nicotera P, McConkey DJ, Jones DP, Orrenius S.
ATP stimulates Ca?* uptake and increases the
free Ca?* concentration in isolated rat liver nuclei.
Proc Natl Acad Sci USA 86:453-457 (1989).
Berridge MJ. Elementary and global aspects of
calcium signalling. J Physiol 499:291-306 (1997).
Schulman H, Hanson PI, Meyer T. Decoding cal-
cium signals by multifunctional CaM kinase. Cell
Calcium 13:401-411(1992).

Kass GEN, Nicotera P, Orrenius S. Calcium-mod-
ulated cellular effects of oxidants. In: Biological
Oxidants: Generation and Injurious Conse-
quences (Cochrane CG, Gimbrone MA Jr, eds).
San Diego:Academic Press, 1992; 133-156.
Orrenius S, Nicotera P. The calcium ion and cell
death. J Neural Transm Suppl 43:1-11 (1994).
Marks AR. Intracellular calcium-release chan-
nels: regulators of cell life and death. Am J
Physiol 272:H597-H605 (1997).

Duddy SK, Kass GEN, Orrenius S. Ca2*-
Mobilizing hormones stimulate Ca?* efflux from
hepatocytes. J Biol Chem 264:20863-20866
(1989).

Liopis J, Farrell GC, Duddy SK, Kass GEN, Gahm
A, Orrenius S. Eicosanoids released following
inhibition of the endoplasmic reticulum CaZ+

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

4.

42.

pump stimulate CaZ* efflux in the perfused rat
liver. Biochem Pharmacol 45:2209-2214 (1993).
Tinton SA, Chow SC, Buc-Calderon PM, Kass
GEN. Adenosine stimulates calcium influx in
isolated rat hepatocytes. Eur J Biochem
238:576-581 (1996).

Parekh AB, Penner R. Store depletion and cal-
cium influx. Physiol Rev 77:901-930 (1997).
Putney JW Jr. A model for receptor-regulated
calcium entry. Cell Calcium 7:1-12 (1986).
Putney JW Jr, Bird GS. The inositol phosphate-
calcium signaling system in nonexcitable cells.
Endocr Rev 14:610-631 (1993).

Kass GEN, Llopis J, Chow SC, Duddy SK,
Orrenius S. Receptor-operated calcium influx in
rat hepatocytes. Identification and characteriza-
tion using manganese. J Biol Chem
265:17486-17492 (1990).

Llopis J, Kass GEN, Gahm A, Orrenius S. Evi-
dence for two pathways of receptor-mediated
CaZ* entry in hepatocytes. Biochem J
284:243-247 (1992).

Kass GEN, Duddy SK, Moore GA, Orrenius S.
2,5-Di-{tert-butyl)-1,4-benzohydroquinone rapidly
elevates cytosolic CaZ* concentration by mobiliz-
ing the inositol 1,4,5-trisphosphate-sensitive
Ca®* pool. J Biol Chem 264:15192—-15198 (1989).
Liopis J, Chow SC, Kass GEN, Gahm A, Orrenius
S. Comparison between the effects of the
microsomal Ca?*-translocase inhibitors thapsi-
gargin and 2,5-di-(t-butyl)-1,4-benzohydro-
quinone on cellular calcium fluxes. Biochem J
277:553-556 (1991).

Jewell SA, Bellomo G, Thorn P, Orrenius S,
Smith MT. Bleb formation in hepatocytes during
drug metabolism is caused by disturbances in
thiol and calcium ion homeostasis. Science
217:1257-1259(1982).

Nicotera P, Hartzell P, Davis G, Orrenius S. The
formation of plasma membrane blebs in hepato-
cytes exposed to agents that increase cytosolic
Ca? is mediated by the activation of a non-lyso-
somal proteolytic system. FEBS Lett
209:139-144 (1986).

Kass GEN, Wright JM, Nicotera P, Orrenius S.
The mechanism of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine toxicity: role of intracellular
calcium. Arch Biochem Biophys 260:789-797
(1988).

Orrenius S, Burkitt M, Kass GEN, Dypbukt JM,
Nicotera P. Calcium ions and oxidative cell
injury. Ann Neurol 32:S33-542 (1992).

Trump BF, Berezesky IK. The role of altered
[CaZ*]/ regulation in apoptosis, oncosis, and
necrosis. Biochim Biophys Acta 1313:173-178
(1996).

Kerr JFR, Wyllie AH, Currie AR. Apoptosis: a
basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br J Cancer
26:239-257 (1972).

Kerr JFR, Searle J, Harmon BV, Bishop CJ.
Apoptosis. In: Perspectives on Mammalian Cell
Death (Potten CS, ed). Oxford:Oxford University
Press, 1987;93-128

Arends MJ, Wyllie AH. Apoptosis: mechanisms
and roles in pathology. Int Rev Exp Pathol
32:223-254(1991).

Rudin CM, Thompson CB. Apoptosis and dis-
ease: regulation and clinical relevance of pro-
grammed cell death. Annu Rev Med 48:267—281
(1997).

Environmental Health Perspectives = Vol 107, Supplement | = February 1999



45.

47.

49.

51.

52.

57.

59.

60.

Jacobson MD, Weil M, Raff MC. Programmed
cell death in animal development. Cell
88:347-354 (1997).

Dypbukt JM, Ankarkrona M, Burkitt M, Sjéholm
A, Strém K, Orrenius S, Nicotera P. Different
prooxidant levels stimulate growth, trigger
apoptosis, or produce necrosis of insulin-sec-
reting RINm5F cells: the role of intracellular
polyamines. J Biol Chem 269:30553-30560
(1994).

Majno G, Joris |. Apoptosis, oncosis, and necro-
sis. An overview of cell death. Am J Pathol
146:3-15(1995).

Raffray M, Cohen GM. Apoptosis and necrosis in
toxicology: a continuum or distinct modes of cell
death? Pharmacol Ther 75:153-177 (1997).
Bonfoco E, Krainc D, Ankarcrona M, Nicotera P,
Lipton SA. Apoptosis and necrosis: two distinct
events induced, respectively, by mild and intense
insults with N-methyl-p-aspartate or nitric
oxide/superoxide in cortical cell cultures. Proc
Natl Acad Sci USA 92:7162-7166 (1995).
Strasser A, Harris AW, Cory S. Bcl-2 transgene
inhibits T cell death and perturbs thymic self-
censorship. Cell 67:889-899 (1991).

Kane DJ, Sarafian TA, Anton R, Hahn H, Gralla
EB, Valentine JS, Ord T, Bredesen DE. Bc/-2 inhi-
bition of neural death: decreased generation of
reactive oxygen species. Science 262:1274-1277
(1993).

Kane DJ, Ord T, Anton R, Bredesen DE.
Expression of bel-2 inhibits necrotic neural cell-
death. J Neurosci Res 40:269-275 (1995).
Shimizu S, Eguchi Y, Kamiike W, Waguri S,
Uchiyama Y, Matsuda H, Tsujimoto Y.
Retardation of chemical hypoxia-induced
necrotic cell-death by Bcl-2 and ICE inhibitors—
possible involvement of common mediators in
apoptotic and necrotic signal transductions.
Oncogene 12:2045-2050 (1996).

(Ogasawara J, Watanabe-Fukunaga R, Adachi M,
Matsuzawa A, Kasugai T, Kitamura Y, Itoh N,
Suda T, Nagata S. Lethal effect of the anti-Fas
antibody in mice. Nature 364:806-809 (1393).
Wyllie AH. Glucocorticoid-induced thymocyte
apoptosis is associated with endogenous
endonuclease activation. Nature 284:555-556
(1980).

Cohen JJ, Duke RC. Glucocorticoid activation of
a calcium-dependent endonuclease in thymocyte
nuclei leads to cell death. J Immunol 132:38-42
(1984).

McConkey DJ, Nicotera P, Hartzell P, Bellomo G,
Wyllie AH, Orrenius S. Glucocorticoids activate a
suicide process in thymocytes through an eleva-
tion of cytosolic CaZ* concentration. Arch
Biochem Biophys 263:365-370 (1989).

Wyllie AH, Morris RG, Smith AL, Dunlop D.
Chromatin cleavage in apoptosis: association
with condensed chromatin morphology and
dependence on macromolecular synthesis. J
Pathol 139:67—77 (1984).

McConkey DJ, Hartzell P, Nicotera P, Orrenius S.
Calcium-activated DNA fragmentation kills
immature thymocytes. FASEB J 3:1843-1849
(1989).

Weis M, Schlegel J, Kass GEN, Holmstrom TH,
Peters |, Eriksson J, Orrenius S, Chow SC.
Cellular events in Fas/APO-1-mediated apopto-
sis in JURKAT T lymphocytes. Exp Cell Res
219:699-708 (1995).

61.

62.
63.

65.

66.
67.

69.

70.

n.

72.

73

74,

75.

76.
7.

78.

79.

Oberhammer F, Wilson JW, Dive C, Morris ID,
Hickman JA, Wakeling AE, Walker PR, Sikorska
M. Apoptotic death in epithelial cells: cleavage
of DNA to 300 and/or 50 kb fragments prior to or
in the absence of internucleosomal fragmenta-
tion. EMBO J 12:3679-3684 (1993).

Cohen GM. Caspases: the executioners of apop-
tosis. Biochem J 326:1-16 (1997).

Villa P, Kaufmann SH, Earnshaw WC. Caspases
and caspase inhibitors. Trends Biochem Sci
22:388-393 (1997).

Nicholson DW, Thomberry NA. Caspases: killer
proteases. Trends Biochem Sci 22:299-306
(1997).

Froelich CJ, Dixit VM, Yang XH. Lymphocyte
granule-mediated apoptosis: matters of viral
mimicry and deadly proteases. Immunol Today
19:30-36 (1998).

Kidd VJ. Proteolytic activities that mediate apop-
tosis. Annu Rev Physiol 60:533-573 (1998).

Zhu HJ, Fearnhead HO, Cohen GM. An ICE-like
protease is a common mediator of apoptosis
induced by diverse stimuli in human monocytic
THP-1 cells. FEBS Lett 374:303-308 (1995).
Distelhorst C, Mccoll K, He H, Berger N, Zhong
H. Regulation of ICE-like protease activity by BCI-
2 in glucocorticoid-treated and thapsigargin-
treated lymphoma cells. Blood 88:1501 (1996).

Qi XM, He HL, Zhong HY, Distelhorst CW.
Baculovirus p35 and z-VAD-fmk inhibit thapsigar-
gin-induced apoptosis of breast cancer cells.
Oncogene 15:1207-1212 (1997).

Takadera T, Ohyashiki T. Apoptotic cell death
and CPP32-like activation induced by thapsigar-
gin and their prevention by nerve growth factor
in PC12 cells. Biochim Biophys Acta 1401:63-71
(1998).

Jiang S, Chow SC, Nicotera P, Orrenius S.
Intracellular Ca?* signals activate apoptosis in
thymocytes—studies using the Ca?*-ATPase
inhibitor thapsigargin. Exp Cell Res 212:84-92
(1994).

Kass GEN, Chow SC, Gahm A, Webb DL,
Berggren PO, Liopis J, Orrenius S. Two separate
plasma membrane CaZ* carriers participate in
receptor-mediated Ca?* influx in rat hepatocytes.
Biochim Biophys Acta 1223:226-233 (1394).

‘Waring P, Sjaarda A. Extracellular calcium is not

required for gliotoxin or dexamethasone-induced
DNA fragmentation: a reappraisal of the use of
EGTA. Int J Immunopharmacol 17:403-410
(1995).

Chow SC, Kass GEN, McCabe MJ Jr, Orrenius
S. Tributyltin increases cytosolic free Ca?* con-
centration in thymocytes by mobilizing intracel-
lufar Ca?*, activating a Ca2* entry pathway, and
inhibiting CaZ* efflux. Arch Biochem Biophys
298:143-149 (1992).

Aw TY, Nicotera P, Manzo L, Orrenius S.
Tributyltin stimulates apoptosis in rat thymo-
cytes. Arch Biochem Biophys 283:46-50 (1990).
Kass GEN, Hinton RH. Unpublished observa-
tions.

Viviani B, Rossi AD, Chow SC, Nicotera P.
Organotin compounds induce calcium overload
and apoptosis in PC12 cells. Neurotoxicology
16:19-25(1995).

Markowac J, Goldstein GW. Picomolar concen-
trations of lead stimulate brain protein kinase
C. Nature 334:71-73 (1988).

Smith JB, Dwyer SD, Smith L. Cadmium evokes

Environmental Health Perspectives = Vol 107, Supplement | = February 1999

80.

81.

82.

85.

86.

87.

88.

89.

91.

92.

95.

Ca?* AND CELL DEATH

inositol phosphate formation and calcium mobi-
lization. J Biol Chem 264:7115-7118 (1989).
Smith JB, Smith L, Pijuan V, Zhuang YX, Chen
YC. Transmembrane signals and protooncogene
induction evoked by carcinogenic metals and
prevented by zinc. FASEB J 102:181-189
(1994).

Long GJ, Pounds JG, Rosen JF. Lead intoxica-
tion alters basal and parathyroid hormone-regu-
lated cellular calcium homeostasis in rat
osteosarcoma (ROS 17/2.8) cells. Calcif Tissue
Int 50:451-458 (1992).

Rossi AD, Larsson O, Manzo L, Orrenius S,
Vahter M, Berggren PO, Nicotera P. Modi-
fications of Ca?* signaling by inorganic mercury
in PC12 cells. FASEB J 7:1507-1514 (1993).
Rizzuto R, Pinton P, Carrington W, Fay FS,
Fogarty KE, Lifshitz LM, Tuft RA, Pozzan T.
Close contacts with the endoplasmic reticulum
as determinants of mitochondrial Ca2*
responses. Science 280:1763-1766 (1998).
Zoratti M, Szabd |. The mitochondrial perme-
ability transition. Biochim Biophys Acta
1241:139-176 (1995).

Bernardi P, Petronilli V. The permeability transi-
tion pore as a mitochondrial calcium-release
channel—a critical appraisal. J Bioenerg
Biomembr 28:131-138 (1996).

Beutner G, Ruck A, Riede B, Brdiczka D.
Complexes between hexokinase, mitochondrial
porin and adenylate translocator in brain: regu-
lation of hexokinase, oxidative phosphorylation
and permeability transition pore. Biochem Soc
Trans 25:151-157 (1997).

Huser J, Rechenmacher CE, Blatter LA. Imaging
the permeability pore transition in single mito-
chondria. Biophys J 74:2129-2137 (1998).
Bathori G, Szabo |, Schmehl |, Tombola F,
DePinto V, Zoratti M. Novel aspects of the elec-
trophysiology of mitochondrial porin. Biochem
Biophys Res Commun 243:258-263 (1998).
Weis M, Kass GEN, Orrenius S. Further charac-
terization of the events involved in mito-
chondrial Ca?* release and pore formation by
prooxidants. Biochem Pharmacol 47:2147-2156
(1994).

Cossarizza A, Kalashnikova G, Grassilli E,
Chiappelli F, Salvioli S, Capri M, Barbieri D,
Troiano L, Monti D, Franceschi C. Mitochondrial
modifications during rat thymocyte apoptosis: a
study at the single cell level. Exp Cell Res
214:323-330(1994).

Kroemer G, Dallaporta B, Resche-Rigon M. The
mitochondrial death/life regulator in apoptosis
and necrosis. Annu Rev Physiol 60:619-642
{1998).

Lemasters JJ, Nieminen AL, Qian T, Trost LC,
Herman B. The mitochondrial permeability tran-
sition in toxic, hypoxic and reperfusion injury.
Mol Cell Biochem 174:159-165 (1997).

Trump BF, Berezesky IK, Chang SH, Phelps PC.
The pathways of cell death: oncosis, apoptosis,
and necrosis. Toxicol Pathol 25:82—88 (1997).
Leist M, Single B, Castoldi AF, Kuhnle S,
Nicotera P. Intracellular adenosine triphos-
phate (ATP) concentration: a switch in the
decision between apoptosis and necrosis. J
Exp Med 185:1481-1486 (1997).

Tsujimoto Y. Apoptosis and necrosis: intracel-
lular ATP level as a determinant for cell death
modes. Cell Death Diff 4:429-434 (1997).

33



KASS AND ORRENIUS

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

n.

2.

34

Kass GEN, Eriksson JE, Weis M, Orrenius S,
Chow SC. Chromatin condensation during apop-
tosis requires ATP. Biochem J 318:749-752
(1996).

Waring P, Beaver J. Cyclosporine A rescues
thymocytes from apoptosis induced by very
low concentrations of thapsigargin—effects
on mitochondrial function. Exp Cell Res
227:264-276 (1996).

Ghafourifar P, Richter C. Nitric oxide synthase
activity in mitochondria. FEBS Lett 418:291-296
(1997).

Ghibelli L, Coppola S, Rotilio G, Lafavia E,
Maresca V, Ciriolo MR. Nonoxidative loss of
glutathione in apoptosis via GSH extrusion.
Biochem Biophys Res Commun 216:313-320
(1995).

Van den Dobbelsteen DJ, Nobel CSI, Schiegel
J, Cotgreave IA, Orrenius S, Slater AFG. Rapid
and specific efflux of reduced glutathione dur-
ing apoptosis induced by anti-Fas/APQ-1 anti-
body. J Biol Chem 271:15420-15427 (1996).
Cai J, Jones DP. Superoxide in apoptosis: mito-
chondrial generation triggered by cytochrome ¢
loss. J Biol Chem 273:11401-11404 (1998).
Krippner A, Matsuno-Yagi A, Gottlieb RA,
Babior BM. Loss of function of cytochrome c in
Jurkat cells undergoing Fas-mediated apopto-
sis. J Biol Chem 271:21629-21636 (1996).

Liu XS, Kim CN, Yang J, Jemmerson R, Wang
XD. Induction of apoptotic program in cell free
extracts—requirement for dATP and
cytochrome c. Cell 86:147-157 (1996).

Kluck RM, Bossy-Wetzel E, Green DR,
Newmeyer DD. The release of cytochrome ¢
from mitochondria: a primary site for Bcl-2 regu-
lation of apoptosis. Science 275:1132-1136
(1997).

Yang J, Liu XS, Bhalla K, Kim CN, lbrado AM, Cai
JY, Peng TI, Jones DP, Wang XD. Prevention of
apoptosis by Bcl-2: release of cytochrome ¢ from
mitochondria blocked. Science 275:1129-1132
(1997).

Li P, Nijhawan D, Budihardjo |, Srinivasula SM,
Ahmad M, Alnemri ES, Wang XD. Cytochrome
¢ and dATP-dependent formation of Apaf-
1/caspase-9 complex initiates an apoptotic
protease cascade. Cell 91:479-489 (1997).
Hampton MB, Zhivotovsky B, Slater AFG,
Burgess DH, Orrenius S. Importance of the
redox state of cytochrome c during caspase
activation in cytosolic extracts. Biochem J
329:95-99 (1998).

Pan G, Humke E, Dixit VM. Activation of cas-
pases triggered by cytochrome c in vitro. FEBS
Lett 426:151-154 (1998).

Zhivotovsky B, Orrenius S, Brustugun OT,
Daskeland SO. Injected cytochrome ¢ induces
apoptosis. Nature 391:449-450 (1998).
Kantrow SP, Piantadosi CA. Release of
cytochrome ¢ from liver mitochondria during
permeability transition. Biochem Biophys Res
Commun 232:669-671 (1997).

Petit PX, Goubern M, Diolez P, Susin SA,
Zamzami N, Kroemer G. Disruption of the outer
mitochondrial membrane as a result of large
amplitude swelling: the impact of irreversible
permeability transition. FEBS Lett 426:111-116
(1998).

Bossy-Wetzel E, Newmeyer DD, Green DR.
Mitochondrial cytochrome c release in apoptosis

13.

14

115.

116.

1"7.

18.

1.

120.

121.

122.

123.

124.

125.

126.

127.

occurs upstream of DEVD-specific caspase
activation and independently of mitochondrial
transmembrane depolarization. EMBO J
17:37-49(1998).

Jiirgensmeier JM, Xie Z, Deveraux Q, Ellerby L,
Bredesen DE, Reed JC. Bax directly induces
release of cytochrome c from isolated mitochon-
dria. Proc Natl Acad Sci USA 95:4997-5002
(1998).

Pastorinoe JG, Chen ST, Tafani M, Snyder JW,
Farber JL. The overexpression of Bax produces
cell death upon induction of the mitochondrial
permeability transition. J Biol Chem
273:7770-7775 (1998).

Luo X, Budihardjo I, Zou H, Slaughter C, Wang
XD. Bid, a Bcl-2 interacting protein, mediates
cytochrome ¢ release from mitochondria in
response to activation of cell surface death
receptors. Cell 94:481-490 (1998).

Li H, Zhu H, Xu C-J, Yuan J. Cleavage of BID by
caspase 8 mediates the mitochondrial damage
in the Fas pathway of apoptosis. Cell
94:491-501 (1998).

Murphy AN, Bredesen DE, Cortopassi G, Wang
E, Fiskum G. Bcl-2 potentiates the maximal cal-
cium uptake capacity of neural cell mitochon-
dria. Proc Natl Acad Sci USA 93:9893-9898
(1996).

Marin MC, Fernandez A, Bick RJ, Brisbay S,
Buja M, Snuggs M, McConkey DJ, Von
Eschenbach AC, Keating MJ, McDonnell TJ.
Apoptosis suppression by Bcl-2 is correlated
with the regulation of nuclear and cytosolic
Ca?*. Oncogene 12:2259-2266 (1996).
Shibasaki F, Kondo E, Akagi T, McKeon F.
Suppression of signalling through transcription
factor NF-AT by interactions between cal-
cineurin and Bcl-2. Nature 386:728-731 (1997).
He HL, Lam M, McCormick TS, Distelhorst CW.
Maintenance of calcium homeostasis in the
endoplasmic reticulum by Bcl-2. J Cell Biol
138:1219-1228 (1997).

Marzo |, Brenner C, Zamzami N, Susin SA,
Beutner G, Brdiczka D, Rémy R, Xie Z, Reed JC,
Kroemer G. The permeability transition pore
complex: a target for apoptosis regulation by
caspases and Bcl-2-related proteins. J Exp
Med 187:1261-1271 (1998). .
Henkart PA. ICE family proteases—mediators
of all apoptotic cell-death? Immunity 4:195-201
(1996).

Wright SC, Schellenberger U, Wang H, Kinder
DH, Talhouk JW, Larrick JW. Activation of
CPP32-like proteases is not sufficient to trigger
apoptosis: inhibition of apoptosis by agents that
suppress activation of AP24, but not CPP32-like
activity. J Exp Med 186:1107-1117 (1997).
Jones RA, Johnson VL, Buck NR, Dobrota M,
Hinton RH, Chow SC, Kass GEN. Fas-mediated
apoptosis in mouse hepatocytes involves the
processing and activation of caspases.
Hepatology 27:1632—1642 (1998).

Vanags DM, Pér-Ares MI, Coppola S, Burgess
DH, Orrenius S. Protease involvement in fodrin
cleavage and phosphatidylserine exposure in
apoptosis. J Biol Chem 271:31075-31085 (1996).
Squier MKT, Cohen JJ. Calpain, an upstream
regulator of thymocyte apoptosis. J Immunol
158:3690-3697 (1997).

Chen SJ, Bradley ME, Lee TC. Chemical
hypoxia triggers apoptosis of cultured neonatal

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

rat cardiac myocytes: modulation by calcium-
regulated proteases and protein kinases. Mol
Cell Biochem 178:141-149 (1998).

Nath R, Raser KJ, Stafford D, Hajimo-
hammadreza |, Posner A, Allen H, Talanian RV,
Yuen PW, Gilbertsen RB, Wang KKW.
Nonerythroid o-spectrin breakdown by calpain
and interleukin 1-B-converting-enzyme-like
protease(s) in apoptotic cells—contributory
roles of both protease families in neuronal
apoptosis. Biochem J 319:683-690 (1996).
Jordan J, Galindo MF, Miller RJ. Role of cal-
pain- and interleukin-1p converting enzyme-
like proteases in the B-amyloid-induced death
of rat hippocampal neurons in culture. J
Neurochem 68:1612—1621 (1997).

Pike BR, Zhao XR, Newcomb JK, Wang KKW,
Posmantur RM, Hayes RL. Temporal relation-
ships between de novo protein synthesis, cal-
pain and caspase 3-like protease activation,
and DNA fragmentation during apoptosis in
septo-hippocampal cultures. J Neurosci Res
52:505-520 (1998).

McConkey DJ. Calcium-dependent, interleukin
1B-converting enzyme inhibitor insensitive
degradation of lamin B1 and DNA fragmenta-
tion in isolated thymocyte nuclei. J Biol Chem
271:22398-22406 (1996).

Juin P, Pelletier M, Oliver L, Tremblais K,
Grégoire M, Meflah K, Vallette FM. Induction
of a caspase-3-like activity by calcium in nor-
mal cytosolic extracts triggers nuclear apo-
ptosis in a cell-free system. J Biol Chem
273:17559-17564 (1998).

Baffy G, Miyashita T, Williamson JR, Reed JC.
Apoptosis induced by withdrawal of inter-
leukin-3 (IL-3) from an IL-3- dependent
hematopoietic cell line is associated with
repartitioning of intracellular calcium and is
blocked by enforced Bcl-2 oncoprotein produc-
tion. J Biol Chem 268:6511-6519 (1993).

Lam M, Dubyak G, Distelhorst CW. Effect of
glucocorticosteroid treatment on intracellular
calcium homeostasis in mouse lymphoma
cells. Mol Endocrinol 7:686—693 (1993).
Kaneko Y, Tsukamoto A. Thapsigargin-induced
persistent intracellular calcium pool depletion
and apoptosis in human hepatoma cells.
Cancer Lett 79:147-155 (1994).

Bian XP, Hughes FM, Huang Y, Cidlowski JA,
Putney JW Jr. Roles of cytoplasmic Ca2* and
intracellular Ca?* stores in induction and sup-
pression of apoptosis in S49 cells. Am J
Physiol 41:C1241-C1249 (1997).

Preston GA, Barrett JC, Biermann JA, Murphy
E. Effects of alterations in calcium homeostasis
on apoptosis during neoplastic progression.
Cancer Res 57:537-542 (1997).

Lam M, Dubyak G, Chen L, Nunez G, Miesfeld
RL, Distelhorst CW. Evidence that Bcl-2
represses apoptosis by regulating endoplasmic
reticulum-associated Ca2* fluxes. Proc Natl
Acad Sci USA 91:6569-6573 (1994).

Liu N, Fine RE, Simons E, Johnson RJ. Decrea-
sing calreticulin expession lowers the CaZ+
response to bradykinin and increases sensitivity
to ionomycin in NG-108-15 cells. J Biol Chem
269:28635-28639 (1994).

Johnson RJ, Liu NG, Shanmugaratnam J, Fine
RE. Increased calreticulin stability in differenti-
ated NG-108-15 cells correlates with resistance

Environmental Health Perspectives = Vol 107, Supplement 1 = February 1999



141.

142.

143.

145.

147.

149.

150.

151.

152.

to apoptosis induced by antisense treatment.
Mol Brain Res 53:104—111 (1998).

Wong WL, Brostrom MA, Kuznetsov G, Gmitter-
Yellen D, Brostrom CO. Inhibition of protein
synthesis and early protein processing by thap-
sigargin in cultured cells. Biochem J 289:71-79
(1993).

Tinton SA, Chow SC, Buc-Calderon PM, Kass
GEN, Orrenius S. Adenosine inhibits protein
synthesis in isolated rat hepatocytes. Evidence
for a lack of involvement of intracellular cal-
cium in the mechanism of inhibition. Eur J
Biochem 229:419-425 (1995).

Czarny M, Sabala P, Ucieklak A, Kaczmarek L,
Baranska J. Inhibition of phosphatidylserine syn-
thesis by glutamate, acetyicholine, thapsigargin
and ionophore A23187 in glioma C6 cells.
Biochem Biophys Res Commun 186:1582-1587
(1992).

Pelassy C, Breittmayer JP, Aussel C. Agonist-
induced inhibition of phosphatidylserine
synthesis is secondary to the emptying of
intracellular Ca?* stores in Jurkat T cells.
Biochem J 288:785-789 (1992).

Chen YC, Kuo TC, LinShiau SY, Lin JK. Induction
of hsp70 gene expression by modulation of Ca?
ion and cellular p53 protein by curcumin in col-
orectal carcinoma cells. Mol Carcinog
17:224-234 (1996).

Cao XJ, Zhou YH, Lee AS. Requirement of tyro-
sine and serine/threonine kinase in the transcrip-
tional activation of the mammalian grp78/bip
promoter by thapsigargin. J Biol Chem
270:494-502 (1995).

Li WW, Hsiung YC, Zhou YH, Roy B, Lee AS.
Induction of the mammalian grp78/bip gene by
Ca?* depletion and formation of aberrant pro-
teins: activation of the conserved stress-inducible
grp core promoter element by the human nuclear
factor YY1. Mol Cell Biol 17:54-60 (1997).

Aoki T, Koike T, Nakano T, Shibahara K, Kondo S,
Kikuchi H, Honjo T. Induction of Bip mRNA upon
programmed cell death of differentiated PC12
cells as well as rat sympathetic neurons. J
Biochem 121:122—127 (1997).

Mkrtchian S, Fang C, Hellman U, Ingelman-
Sundberg M. A stress-inducible rat liver endo-
plasmic reticulum protein, ERp29. Eur J Biochem
251:304-313(1998).

Roy B, Lee AS. Transduction of calcium stress
through interaction of the human transcription
factor CBF with the proximal CCAAT regulatory
element of the grp78/bip promoter. Mol Cell
Biol 15:2263-2274 (1995).

Muthukkumar S, Nair P, Sells SF, Maddiwar
NG, Jacob RJ, Rangnekar VM. Role of EGR-1 in
thapsigargin-inducible apoptosis in the
melanoma cell line A375-C6. Mol Cell Biol
15:6262-6272 (1995).

Roy B, Li WW, Lee AS. Calcium-sensitive tran-
scriptional activation of the proximal CCAAT
regulatory element of the grp78/bip promoter
by the human nuclear factor CBF/NF-Y. J Biol
Chem 271:28995-29002 (1996).

153.

154.

155.

156.

157.

159.

160.

161.

162.

163.

164.

165.

166.

Jamora C, Dennert G, Lee AS. Inhibition of
tumor progression by suppression of stress pro-
tein GRP78/BiP induction in fibrosarcoma
B/C10ME. Proc Natl Acad Sci USA 93:
7690-7694 (1996).

McCormick TS, McColl KS, Distelhorst CW.
Mouse lymphoma cells destined to undergo
apoptosis in response to thapsigargin treat-
ment fail to generate a calcium-mediated
GRP78/GRP94 stress response. J Biol Chem
272:6087-6092 (1997).

Liu H, Bowes RC, van de Water B, Sillence C,
Nagelkerke JF, Stevens JL. Endoplasmic reticu-
lum chaperones GRP78 and calreticulin prevent
oxidative stress, Ca* disturbances, and cell
death in renal epithelial cells. J Biol Chem
272:21751-21759 (1997).

Liu H, Miller E, van de Water B, Stevens JL.
Endoplasmic reticulum stress proteins block
oxidant-induced Ca?* increases and cell death.
J Biol Chem 273:12858-12862 (1998).
Lievremont JP, Rizzuto R, Hendershot L,
Meldolesi J. Bip, a major chaperone protein of
the endoplasmic reticulum lumen, plays a direct
and important role in the storage of the rapidly
exchanging pool of Ca?*. J Biol Chem
272:30873-30879 (1997).

Shibasaki F, McKeon F. Calcineurin functions in
Ca?*-activated cell death in mammalian cells. J
Cell Biol 131:735-743 (1995).

Nagata S. Apoptosis by death factor. Cell
88:355-365 (1997).

Mariani SM, Krammer PH. Surface expression
of TRAIL/Apo-2 ligand in activated mouse T and
B cells. Eur J Immunol 28:1492—-1498 (1998).
Dowd DR, Macdonald PN, Komm BS, Haussler
MR, Miesfeld RL. Stable expression of the cal-
bindin-D28K complementary DNA interferes
with the apoptotic pathway in lymphocytes.
Mol Endocrinol 6:1843-1848 (1992).

Guo Q, Christakos S, Robinson N, Mattson MP.
Calbindin D28K blocks the proapoptotic actions
of mutant presenilin 1: reduced oxidative stress
and preserved mitochondrial function. Proc Natl
Acad Sci USA 95:3227-3232 (1998).

Khan AA, Soloski MJ, Sharp AH, Schilling G,
Sabatini DM, Li SH, Ross CA, Snyder SH.
Lymphocyte apoptosis: mediation by increased
type-3 inositol 1,4,5-trisphosphate receptor.
Science 273:503-507 (1996).

Jayaraman T, Marks AR. T cells deficient in inos-
itol 1,4,5-trisphosphate receptor are resistant to
apoptosis. Mol Cell Biol 17:3005-3012 (1997).
Felzen B, Shilkrut M, Less H, Sarapov |, Maor G,
Coleman R, Robinson RB, Berke G, Binah 0. Fas
(CD95/Apo-1)-mediated damage to ventricular
myocytes induced by cytotoxic T lymphocytes
from perforin-deficient mice: a major role for
inositol 1,4,5-trisphosphate. Circ Res 82:
438-450 (1998).

Wright SC, Schellenberger U, Ji L, Wang H,
Larrick JW. Calmodulin-dependent protein
kinase Il mediates signal transduction in apop-
tosis. FASEB J 11:843-849 (1997).

Environmental Health Perspectives = Vol 107, Supplement 1 = February 1999

167.

168.

169.

170.

m.

172.

173.

174.

175.

176.

171.

178.

179.

Ca?* AND CELL DEATH

Cohen 0, Feinstein E, Kimchi A. DAP-kinase is
a Ca?* calmodulin-dependent, cytoskeletal-
associated protein kinase, with cell death-
inducing functions that depend on its catalytic
activity. EMBO J 16:998-1008 (1997).

Koike T, Martin DP, Johnson EM. Role of Ca?*
channels in the ability of membrane depolar-
ization to prevent neuronal death induced by
trophic factor deprivation—evidence that lev-
els of internal CaZ* determine nerve growth
factor dependence of sympathetic ganglion
cells. Proc Natl Acad Sci USA 86:6421-6425
(1989).

Franklin JL, Johnson EM. Elevated intracellular
calcium blocks programmed neuronal death.
Ann NY Acad Sci 747:195-204 (1994).

Lampe PA, Cornbrooks EB, Juhasz A, Johnson
EM, Franklin JL. Suppression of programmed
neuronal death by a thapsigargin-induced Ca?
influx. J Neurobiol 26:205-212 (1995).

Cook N, Dexter TM, Lord BI, Cragoe EJ,
Whetton AD. Identification of a common signal
associated with cellular proliferation stimu-
lated by 4 hematopoietic growth factors in a
highly enriched population of granulocyte
macrophage colony forming cells. EMBO J
8:2967-2974 (1989).

Rodriguez-Tarduchy G, Collins M, Lopez-Rivas
A. Regulation of apoptosis in interleukin-3-
dependent hematopoietic-cells by interleukin-3
and calcium ionophores. EMBO J 9:2997-3002
(1990).

Whyte MKB, Hardwick SJ, Meagher LC, Savill
JS, Haslett C. Transient elevations of cytosolic
free calcium retard subsequent apoptosis in neu-
trophils in vitro. J Clin Invest 92:446-455 (1993).
Palaga T, Kataoka T, Woo JT, Nagai K.
Suppression of apoptotic cell death of IL-3-
dependent cell lines by ER/SR Ca2*-ATPase
inhibitors upon IL-3 deprivation. Exp Cell Res
228:92-97 (1996).

Lotem J, Sachs L. Different mechanisms for
suppression of apoptosis by cytokines and cal-
cium mobilizing compounds. Proc Natl Acad
Sci USA 95:4601-4606 (1998).

Gommerman JL, Berger SA. Protection from
apoptosis by steel factor but not interleukin-3
is reversed through blockade of calcium influx.
Blood 91:1891-1900 (1998).

Soler RM, Egea J, Mintenig GM, Sanz-
Rodriguez C, Iglesias M, Comella JX. Calmodulin
is involved in membrane depolarization-medi-
ated survival of motoneurons by phosphatidyli-
nositol-3 kinase- and MAPK-independent
pathways. J Neurosci 18:1230-1239 (1998).
Deshmukh M, Vasilakos J, Deckwerth TL,
Lampe PA, Johnson EM. Genetic and metabolic
status of NGF-deprived sympathetic neurons
saved by an inhibitor of ICE family proteases. J
Cell Biol 135:1341-1354 (1396).

Kass GEN. Free-radical-induced changes in cell
signal transduction. In: Free Radical Toxicology
(Wallace KB, ed). New York:Taylor & Francis,
1997;349-373.

35



